Absfract-When using miniature ultrasonic hydrophones to probe the focal region of extracorporeal shock wave lithotripsy devices, the frequency response of the measurement hydrophone and any associated amplifier must be broad enough to minimize pulse distortion. To study the potential effects of bandwidthlimited behavior on lithotripsy pulse measurements, a mathematical model used previously for diagnostic-type pulses was modified. Several parameters of a simulated lithotripsy pulse were compared before and after being filtered by hydrophone and amplifier response functions, both separately and in combination. Errors were computed for the peak positive and negative pressures, rise time, pulse duration, and pulse intensity integral as functions of hydrophone and amplifier bandwidths. Although most of the energy in a shock wave pulse lies at frequencies below a few megahertz, significant errors can occur unless measurement bandwidths are much wider. For example, for a 20-11s rise-time pulse, the bandwidths of the hydrophone or amplifier acting separately should extend beyond 40-50 MHz to keep rise time errors below 10%. However, because the two response functions can compensate one another to some extent, accuracy for the combined response can be maintained at lower bandwidths if the amplifier's cut-off frequency is less than the hydrophone's thickness resonance peak
I. INTRODUCTION

A T THE FOCUS
of an extracorporeal shock wave lithotripsy (ESL) device's shock wave field, pressure pulses are characterized by an initial compressional (positive) half cycle having a rapidly rising leading edge, followed by a more slowly varying rarefactional (negative) half cycle [l] . After the negative pressure peak, the pressure amplitude gradually decreases, either monotonically or with damped oscillations. Because this slowly varying pressure "tail" can persist for many microseconds, most of the energy in an ESL pulse lies at frequencies below a few megahertz. However, at the highest ESL generator settings, positive pressure rise times typically are less than 50 ns, and may be less than 10 ns. Therefore, a wide bandwidth hydrophone and amplifier are necessary to reproduce faithfully all the features of the ESL pulse.
Coleman and Saunders have made useful experimental comparisons of the responses of different hydrophones to a shock wave pulse [2] . However, their study did not include a quantitative analysis of the errors associated with these measurements. In a previous paper by this author the effects of hydrophone and amplifier frequency response on the measurement of diagnostic ultrasound pulses were studied theoretically [3] . In this paper a similar approach is applied to pulses typical of those encountered in ESL devices. After describing the theoretical model in Section 11, various simulation results are presented in Section 111. Also considered in Section I11 are the effects of undersampling by the waveform recording device. Section IV concludes with suggested rules of thumb for choosing hydrophone and amplifier bandwidths.
In this analysis attention is restricted to potential frequency response problems. In practice, however, there are other possible sources of error that should not be overlooked. For example, the effective size and directional response of the hydrophone must be considered, particularly because of the large apertures that can be encountered in ESL devices. Also, nonlinearity of the piezoelectric material, hydrophone cable resonance effects, amplifier impedance, and digitizer resolution all can adversely effect measurement accuracy.
Therefore, it should be kept in mind that frequency response, while of fundamental importance, is still only one of several significant factors that can affect the measurement process. Fig. 1 contains a 
DESCRIPTION OF MODEL
A. ESL Pressure Pulse
The general form for p l ( t ) used in this study was similar to that described by Church [4] . It comprises the product of falling and rising exponentials and a sinusoid, as in (2):
Although it is difficult to define a typical pulse shape, proper choices of the constants a, p, f, and tl in (2) can give pulses that closely mimic those observed experimentally using the best available measurement techniques [l] . These constants were adjusted to achieve desired values for the rise time (t,), pulse width (t,, defined as the time between the half amplitude points on the initial positive pressure half cycle), and peak positive to negative pressure ratio (pC/p,). For example, with cy = 1 ps-l, p = 86 p s -l , f = 0.1 MHz, and t l = 1 PS, the pulse in Fig. 2 results. This pulse has a rise time of 20 ns, a pulse width of 370 ns, and a p c / p , ratio of 6.6. 
B. Amplifier and Hydrophone Responses
The models for the amplifier and hydrophone response functions have been described in [3] . The hydrophone's amplifier response, Ha(f), was modeled as a single-pole, low-pass filter with low-pass (-3 dB) corner frequency, f a (see [3] , (4)). The hydrophone response, H h ( f ) , was chosen to approximate the frequency response of polyvinylidene fluoride spot-poled membrane hydrophones. It was derived using Mason's model for a symmetrically loaded piezoelectric receiver [5] . The hydrophone's thickness resonance frequency is denoted by fh (see [31, (2) and (3)).
C. Pressure Pulse Calculations
Five quantities were calculated on the pulse before and after filtering; that is, on p z ( t ) and p o ( t ) . They were peak positive pressure ( p c ) , peak negative pressure ( p T ) , pulse pressuresquared integral (p21), rise time, and pulse width. Pulse width and rise time were computed via linear interpolation between sample points. An error value, defined as the percent deviation of p o ( t ) from p z ( t ) , was computed for each of these five quantities.
SIMULATION RESULTS
A. Amplifier Response
First the effect of the amplifier acting alone on p i ( t ) was considered for 50 values of fa from 2 MHz to 100 MHz. The error for the five pulse quantities all approached zero monotonically with increasing frequency. The errors for p , , pc, and p21 were negative (i.e., the p o ( t ) quantities were smaller); those for t, and t, were positive.
As an example, Table 11 contains frequencies at which the error for the five quantities fall below *5% and 210% for the pulse in Fig. 2 . One can see that, except for rise time, a bandwidth of approximately 10 MHz will result in deviations of 25% or less. Also, for a given fIl, p,, and p 2 1 can be measured more accurately than the other quantities because of their relatively small high-frequency content.
For a pulse p i ( t ) almost identical to the one in Fig. 2 
B. Hydrophone Response
The variation in error with frequency was more variable for the hydrophone response. The difference is due to the thickness resonance peak in H h ( f ) , a trait common to hydrophones of the spot-poled membrane type
[6], [7] . To illustrate, Figs. 3 and 4 contain plots of the error for p c and f,. as a function of f h for the pulse in Fig. 2 . In Fig. 3 the error for p i . reaches a positive peak at about S MHz, falls rapidly to less than 2% at 34 MHz, and remains close to zero thereafter. The error for t,. in Fig. 4 , although initially positive and quite large, passes through 0% just above 20 MHz, reaches a negative peak of about -30%: at 3540 MHz, then rises quickly to cross the axis again at approximately 50 MHz, after which the change is relatively small. There is a negative error peak of about -5% at f h = X 0 MHz.
The changes in both of these plots are due to the oscillations induced in p o ( t ) by the hydrophone's resonance peak. As an example, Fig. 5 TABLE I displays similar overshoot and ringing from a SO pn-thick membrane hydrophone in response to an ESL pulse). As f l l is increased the amplitude of the first peak decreases with respect to the second, and the two become equal at f l L zz 34 MHz, the breakpoint in Fig. 3 . Between 45 and 50 MHz the first peak falls below 90% of the second, which accounts for the rapid increase in the rise time of p o ( t ) just below 50 MHz in Fig. 4 . Table I11 gives %S% and 510% error values for f h analogous to Table 11 . A bandwidth greater than about S0 MHz would keep errors less than S% for the pulse in Fig. 2 equal to f r L . Furthermore, for the case of rise time in Fig. 6(c) , the f a = 100 MHz value for f h = 20 MHz is less than the value for f h = 40 MHz; that is, the hydrophone with the smaller bandwidth seems to be more accurate. Though not an intuitive result, it is consistent with Fig. 4 , which can be considered an error plot for t,. The error for pT was not plotted in Fig. 6 because, for values of f a greater than 1-2 MHz, the error was less than 5%. The only situation studied in which the error for p,. exceeded 5% at f a = 2 MHz was when f in ( 2 ) was increased, as could be encountered with piezoelectric lithotripters [l] . For example, using Pulse #3 in Table I , which has a frequency f of 0.5 MHz (Fig. S) , the error for p,. was between 5% and 10% at f a = 2 MHz. In no case considered in Table I was the error for p , significantly greater than 10% until f a fell below 2 MHz.
(Recall that rise time is related to the 10% and 90% amplitude points on p t ( t ) or p(,( t).)
D. Errors Induced by Undersampling
With a sampling increment of 1.95 ns (Section 11-A), the sampling rate for the various ESL pulses modeled was approximately 500 MHz. To examine what effect decreasing this rate could have on pulse measurements, rise time and peak positive pressure values for sampling rates at 50, 100, and 250 MHz were compared to the "true" values at 500 MHz. Maximum rise time errors for 10 ns and 20 ns rise time pulses (Pulses #l and # 2 in Table I ) are given in Table IV. As can be seen from Table IV , rise time measurements can be affected significantly by undersampling the time waveform. As a rule of thumb, the sampling interval should be at least five times smaller than the measured rise time. 
4.0%
Corresponding errors for p, were quite small, exceeding 1% only at 50 MHz for the 10 ns rise time pulse. This small error is due to the fall time for the initial positive pressure half cycle being much larger than the rise time, typically being hundreds of nanoseconds in duration.
IV. CONCLUSION
The usefulness of the analysis in this paper is dependent on how well the functional forms of p z ( t ) , H , (f), and H h ( f ) match real world situations. With regard to p i ( t ) , Figs. 2 and 8 , as well as the other pulses represented in Table I , are similar to experimentally observed pulses. In practice ESL pulses having rise times less than the 10 ns lower limit considered here are conceivable. For example, it has been shown that shock wave rise times can be on the order of 1 ns or less [S] . However, accurate measurements below about 10 ns are beyond the capabilities of current hydrophones [6] . Furthermore, it is not clear how much such refined knowledge would add to safety or effectiveness studies of ESL devices. Still, it should be kept in mind that if a measurement with the best of conventional hydrophones yields a rise time of 10 ns, the actual rise time could be much less.
With regard to the hydrophone and amplifier response models, the Hh(f) used is applicable primarily to membrane type piezopolymer hydrophones. However, needle type hydrophones displaying no resonance peak have been used to measure ESL pulses [9] , [lo] . The response of one of these needle probes begins rolling off at about 10 MHz [9] . If the frequency response of this hydrophone is approximated by the amplifier response Ha(f) with fa = 10 MHz, then the results in Section 111-A can be used to estimate its performance.
(Note that in [2] , at least one of these needle probes has been found to have diminished low frequency response, a feature not examined here.)
Based on simulations of the pulses in Table I , the two rules of thumb that follow can be used to assist in choosing hydrophone and amplifier bandwidths, given an expected value for the rise time.
1) Bandwidths equal to or greater than l/t, will keep rise time errors less than about lo%, and other pulse quantity errors less than about 2%. 2 ) Bandwidths equal to or greater than 1/2t, will keep rise time errors less than about 30%, and other pulse quantity errors less than about 15%. In Section 111-C an example was given of how accuracy for the combined hydrophone/amplifier response could be maintained at lower bandwidths by choosing an fa a little less than fh (In the example, fa = 0.75fh). However, optimal selection of fa and fh requires some a priori knowledge of the pulse to be measured.
In addition to these bandwidth considerations, the sampling rate of any waveform digitizer used should be greater than approximately 5 / t , to keep rise time errors due to undersampling small (less than a few percent).
